and available online here Cet article fait partie du dossier thématique ci-dessous publié dans la revue OGST, Vol. 70, n°6, pp. 909-1132 et téléchargeable ici
INTRODUCTION
With the depletion of conventional crude oil resources, increased attention has been paid to the exploration of abundant heavy oil reserves. A major problem in this matter, however, is the high viscosity of the heavy crude oils, and asphaltenes play a central role in this issue (increased viscosity of the heavy oils is associated with an increased asphaltene content) [1, 2] . Asphaltenes as the multi-component petroleum fraction are soluble in aromatic solvents and insoluble in low-boilingpoint n-alkane solvents, such as n-pentane and n-heptane [3, 4] . According to the solubility results obtained through asphaltene precipitation with the use of mixtures of heptane and toluene solvents (heptol), a lower toluene volume fraction was needed for precipitation of asphaltenes in the presence of resins (1:1 asphaltenes to resins mass ratio) than in the absence of resins. Apparently, asphaltenes in the mixture of solvents possessing less aromaticity form larger aggregates because of the lower compatibility of solvent-solutes (asphaltenes and resins) as compared with the interactions between aromatic solvents and the solutes [5] . By increasing the aliphatic nature of solvent mixtures the π bond and polarity character of the solvent decrease and this affects the asphaltene aggregation positively, while by increasing the aromaticity of the solvent mixture, the aggregation size of asphaltenes decreases [5] . The tendency of the colloidal particles to aggregate or separate, as a character of colloidal solution stability/ instability, is determined by the overall interactions between these particles, and different types of attractive and repulsive interactions are actually involved in stabilization mechanisms in colloidal dispersions [6, 7] . Van der Waals, steric, depletion, hydrophobic and hydration interactions may all play a role in describing the colloidal solution behavior [6] . In the case of aromatic solvents the hydrophobic interactions between the aromatic core of the asphaltene and the solvent increase compatibility between them, which ultimately facilitate asphaltene aggregation. The role(s) of these colloidal interactions in increased/decreased aggregation of asphaltenes should be quantified and these would definitely be more informative in handling asphaltene studies than just using high-technology equipment. Asphaltenes and resins are both polydisperse and constitute the crude oil's colloidal nature [8] . The following section, theory, summarizes some high-technology techniques regarding asphaltene structural characterization.
Oil production in the Persian Gulf began in the 1950s, and, to administer the oil and gas fields, the Iranian Offshore Oil Company (IOOC) has re-organized its activities since 1979. The focal points at the present time are on four areas especially; Bahregan, Khark, Sirri and Lavan [9] . One of the goals of the IOOC during the last few years was to acquire more knowledge of the characterization of the heavy crude oil components by providing a friendly environment for conducting research, especially at the national level. Figure 1 shows the details of geographical location. Figure 1 Geographical location of the heavy crude oil sample used in the present study provided by the IOOC as the authority for exploring crude oil resources in the area shown.
Viscosity of heavy oil is influenced by the asphaltene content and behavior. The viscosity dependence of the test heavy oil on the shear rate applied was determined and the flow was low at
As has been mentioned above, recognition of the significant contributions of asphaltenes and resins to the colloidal nature of heavy oils helps in developing and exploring applications of emulsification technology in treating heavy oil in different sectors of the petroleum industry. Resins in crude oil consist mainly of naphthenic aromatic hydrocarbons with alicyclic chains and resins as interfacially active components are effective as dispersants of asphaltenes [10] . The subject of emulsification has also generated research interest in the Iranian petroleum industry and structural characterization of asphaltenes from Soroush oilfield (Bahregan district) is targeted at the present time, so formation of the oil-in-water (O/W) and water-in-oil (W/O) types of emulsions could be studied in some depth. The structurally complex nature of heavy oil components exhibits different rheological behaviors and the viscosity of these oils varies from a few thousand to millions of centipoises at the reservoir temperature, while 400 cP is considered to be the desirable viscosity for pipeline transportation of heavy oil-in-water emulsions [1, 11] .
With all this in mind, the objectives of the present work were defined: structural characterization of asphaltenes of the Soroush heavy oil sample and along with this the flow behavior of the crude oil sample was studied and the asphaltene content dependency of viscosity in terms of reconstituted heavy oil was evaluated. The oil sample was provided by the IOOC, and Nuclear Magnetic Resonance (NMR), Scanning Electron Microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy were used in this structural characterization study.
THEORY
Developing high-technology techniques is a continuous effort by which the strength of uncontrollable factors or noises in a particular experiment decreases, thus giving good knowledge to researchers for obtaining responses with acceptable variation when the experiment is faced with maximum noise. This is accomplished by improving the signal-to-noise ratio. In conducting experiments to thoroughly study the complex colloidal behavior of asphaltenes, several factors play a role: use of high-technology equipment in well-developed facilities with researchers skilled in solving specific problems with the assistance/cooperation of universities and other research centers. The principles of some high-technology techniques used in asphaltene studies are briefly described below.
Although X-Ray Diffraction (XRD) is used primarily to examine the crystalline structure of materials, and to determine bond lengths and angles, expansion coefficients, and atomic and molecular weights, XRD is also used to investigate the existence of short-range order atoms in noncrystalline systems such as liquids and gases [12] . On the other hand, hydrogen atoms with their small number of electrons are very weak in scattering X-rays and electrons and there are thus some difficulties in locating hydrogen atoms in X-ray studies [13] . Protons, on the other hand, scatter neutrons very efficiently and neutron diffraction studies can preferably be used to locate the hydrogen atoms and the related short-range order of these atoms in liquids. Structural information from a fraction of a nanometer to the micrometer level can be obtained with the use of the Small-Angle Neutron Scattering technique (SANS) (physical chemistry). A SANS study on the asphaltene fractions obtained from B6 oil (19.8°API) using mixtures of deuterated heptane-toluene solvents showed that polar and π bonding interactions were involved in the less soluble fraction of the asphaltenes and chemical species in this fraction significantly contributed to the asphaltene aggregation [13, 14] . Results obtained from SANS curves (neutron intensity versus scattering vector) of B6 whole asphaltene in mixtures of d-heptol were indicative of correlation length, which increased with decreasing toluene content within the soluble regime, and the authors suggested that interaggregate associations between asphaltenes increased as the solvating power of d-heptol decreased [13] .
Vapor Pressure Osmometry (VPO), which is used for determination of molar mass of polymers (asphaltenes as the test solute) operates on the basis of the Membrane Osmometry (MO) principle. In this technique two chambers, each with some specifications, are separated by a semi-permeable membrane tightly held between the chambers. One chamber, which is closed to the atmosphere, contains a reservoir of the solvent (saturated solvent atmosphere) and the other chamber is left open to the atmosphere and contains the test solution. As the chemical potential of the solvent is higher than that of the test solution, there is a tendency for the solvent to flow to the chamber containing the test solution through the membrane (diffusion pressure of the solvent molecules from the pure solvent reservoir through the membrane is greater than the diffusion pressure of the solvent molecules from the test solution through the membrane). The pressure of the solvent decreases and the solvent vapor pressure of the test solution changes, and upon the condensation of solvent into the test solution from the saturated solvent atmosphere heat is released so the thermistor, placed in the chamber, will be warmed (the thermistor measures voltage changes by change in temperature). The chemical potential across the membrane can be determined accordingly [14] . As pointed out in the literature, use of a single solvent in the VPO technique limits the application of this method in studying whole asphaltenes, the soluble and the least soluble fractions. For instance, in an asphaltene precipitation study on B6 crude oil using a mixture of heptane-toluene, about 30-40% of the whole asphaltenes, by mass, were the least soluble fractions (precipitated fractions), having apparent molar masses of 12 000-17 000 g/mol [14] . The molar mass of this fraction was considerably higher than that of the "whole" and "soluble" asphaltenes (2 500-3 500 g/mol) and the polar and hydrogen bonding interactions among the least soluble fraction of asphaltenes (precipitate) were assumed to play a significant role in the absence of the soluble fraction with the solvating character [14] .
Vibrational Spectroscopy (VS) is the result of molecular motion because of electromagnetic radiation absorption and its interactions with the dipole moment character of the molecule. For molecules whose permanent dipole moments are zero or the dipole moment is inactive and does not change during molecular vibration, then other molecule properties such as polarizability instead of the dipole moment character are used for the VS. Raman Spectroscopy (RS) requires a fluctuating polarizability of the molecule rather than a fluctuating dipole moment [15] . In the study on asphaltenes precipitated from the Algerian Hassi-Messaoud oilfield (API = 43), a combination of XRD and Raman Spectroscopy was used to characterize the poly-condensed aromatic core which was attached to the hydrocarbon side chains. Aggregation, flocculation and precipitation of asphaltenes are under the influence of the core and heteroatoms such as oxygen, nitrogen, sulfur and metals. According to the results of that study, eight asphaltene molecules were estimated to be present in each asphaltene aggregate [16] .
Solid-state NMR spectra present very broad transitions in contrast to the solution NMR spectra, which show sharp peaks. The effects of anisotropic NMR interactions are averaged in the solution NMR, while the full effects of the anisotropic interactions are observed in the solid-state NMR. Magic-angle spinning, cross-polarization and special twodimensional experiments are among the techniques used to suppress anisotropic NMR interactions, thus providing highresolution spectra for the solid-state NMR. A high signal-tonoise ratio improves the technique and in addition to this, Pulsed Field Gradient Spin Echo Nuclear Magnetic Resonance (PFG-SE NMR) has been used for asphaltene studies. Results obtained from Venezuelan asphaltenes using PFG-SE NMR showed the diffusion coefficient of the asphaltenes in deuterated toluene was in the order of 1 × 10 -10 m 2 /s, which decreased with increasing asphaltene concentration, indicating an increase in the aggregate size [14] . Intermolecular π and hydrogen bonds are involved in asphaltene aggregate formation and resins with the capacity to disrupt the electron exchange between the donor and acceptor molecules reduce the tendency for asphaltenes to aggregate [5] . In fact, determination of the diffusion coefficient for protein as the self-associated molecules (protein's folded structure) has long been practiced [17] . However, self-association of the asphaltenes or asphaltene aggregates is under the influence of various operational factors when a precipitation protocol is followed [18] .
MATERIALS AND METHODS

Materials
A heavy crude oil sample was supplied from the Research and Development Center of the IOOC. The crude oil was taken from Soroush oilfield and separation was performed in two steps at the specified pressure and temperature. The crude oil was then forwarded to a desalter followed by dehydrator units: at this stage nearly all water present in the system was removed. The specifications of the Soroush heavy oil used in this study are given in Table 1a . The solvents used for the asphaltene extractions were light alkanes, namely n-pentane and n-heptane. The reagents were all analytical grade (Merck) and were purchased from the local market.
SARA Analysis
According to the experimental details given in the standard ASTM D2007-03 method [19] , the main constituents of the crude oil sample, namely, Saturates, Aromatics, Resins and Asphaltenes (SARA), were determined. SARA analysis was accomplished using the clay and silica gel adsorption chromatographic method, where differences in the adsorbents' behavior in response to each of the four fractions were used in the separation process. The eluent solvents used were n-C 5 and n-C 7 .
SARA analysis was repeated twice and the data were accurate ± 2.5%.
Precipitation of Asphaltene
Asphaltene extraction was performed following the details given in the standard ASTM D2007-03 method [19] . Briefly, one volume of the crude oil was agitated with 40 volumes of the n-alkane solvent (either n-pentane or n-heptane) using a magnetic stirrer for 12 h. With the use of a laboratory heater a moderate temperature (about 30-40°C) was applied to warm the mixture with intermittent swirling to hasten the dissolution. The mixture was then filtered using 2.5-μm Whatman filter paper, and the resulting filter cake, composed mainly of the asphaltenes, was washed thoroughly with the solvent until the solvent wash was colorless. The precipitated asphaltenes were dried at about 100°C using a magnetic stirrer until a constant weight was obtained. With the use of a rotary evaporator (Buchi Rotovapor R-205) the solvent was evaporated and the remainder as the deasphalted heavy oil (maltenes) was used for further analysis.
Asphaltene precipitation experiments were repeated twice and the data were accurate ± 2.5%.
Simulated Distillation Method
Simulated distillation by gas chromatography has long been used by the petroleum industry for obtaining the boiling point distribution of petroleum products [20] [21] [22] . The gas chromatograph designed by the manufacturer is equipped with a Programmable Temperature Vaporizer (PTV) and with the use of the PTV, the hydrocarbon components of the sample are eluted in order of increasing boiling point. Boiling points are assigned to the time axis using a calibration curve which is constructed by analyzing a mixture of hydrocarbons treated under the same chromatographic conditions and according to the specifications given in the relevant ASTM test method; no cracking of the sample components will occur (Agilent Technologies Simulated Distillation -SIMDIS analyzer, Agilent Technologies, USA). In the present study with the use of this method the simulated distillation curves (i.e., the boiling point versus retention time) were obtained for the samples of the crude oil and maltenes and the carbon number distributions of the test hydrocarbons were grouped according to the relevant distillation temperature.
The simulated distillation analysis was carried out in the Research Institute of the Petroleum Industry (RIPI) laboratory. The test samples (the heavy crude oil and the maltenes) were diluted with carbon disulfide (CS 2 ) (0.2 g per 10 mL CS 2 ) as received by that laboratory.
The following sections briefly describe the different analytical techniques that were used to structurally characterize the asphaltenes obtained.
FTIR Spectroscopy
FTIR spectra were recorded on a Bruker IFS 88 spectrometer in transmittance mode over the wavenumber region of 400-4 000 cm -1 . The KBr pellet technique was used in this analysis.
NMR Spectroscopy
The history of 1 H and 13 C NMR spectroscopy shows that application of these techniques for compositional characterization of petroleum fractions was a breakthrough and was considered a novel development in this area [23] [24] [25] . According to the specifications given in the literature, there are two problems in obtaining quantitatively reliable data using 13 C NMR spectroscopy to study asphaltenes: differences in relaxation times for different molecules present in asphaltenes and the extensive variations in the Nuclear Overhauser Enhancement (NOE) parameter [24] . The solutions to these problems have been developed on the basis of instrumental advancement in NMR spectroscopy (i.e., suppressing NOE effects and use of alternative relaxation mechanisms).
Liquid-state 1 H and 13 C NMR were conducted in the present work, and some structural estimations were obtained, using an Avance DRX-500 Bruker spectrometer operating at a 1 H resonance frequency of 500 MHz and a 13 C resonance frequency of 125 MHz, with deuteriochloroform (CDCl 3 ) as the solvent. It was necessary to accumulate the 13 C spectra overnight to obtain an acceptable signal-to-noise ratio. A total of 10 240 scans were obtained in the present work for n-C 5 and n-C 7 asphaltenes using a pulse flip angle of 90°. To ensure the complete relaxation of slowly relaxing carbons a delay time of 4 s between scans was used. According to the literature the relaxation time of petroleum asphaltene is less than 1 s, even in the absence of any relaxation agent [24] . In the present study no relaxation agent was used and to eliminate the NOE effect an inversely-gated 1 H decoupling technique was applied. Considering this relaxation time and using the inversely-gated 1 H decoupling technique and according to the 13 C NMR a signal of high quality was obtained, and according to the literature this approach provides quantitative results [26] . All samples were approximately 50-80 mg diluted with 0.4-0.5 mL of deuteriochloroform in 5-mm sample tubes.
According to the definition given in the literature for the chemical shift parameter as a quantitative measurement used in NMR spectrometry, the integration can be performed using the specified regions in 1 H and 13 C NMR spectra. For instance and according to the literature, there are different integration domains for 1 H NMR spectra [27] . In the present study, the three integration domains were used for quantification of 1 H NMR spectra, while 13 C NMR spectra were studied using two different regions for integration. The details of these divisions, along with typical spectra for 1 H and 13 C of the asphaltenes, are given in the results and discussion section. Several studies have shown the relevance of NMR for assaying the aromaticity and n carbon of asphaltene fractions of crude oil.
SEM Images
Samples of n-C 5 and n-C 7 asphaltenes were coated with a thin layer of gold under vacuum and examined by Scanning Electron Microscopy (Philips XL-30).
Rheological Measurements
Rheological measurements of the crude oil sample were carried out using a Paar Physica controlled-stress rotational rheometer (model MCR 301, Paar Physica, Stuttgart, Baden-Wuttenberg, Germany) in an oscillatory mode. A 25-mm diameter stainless steel parallel plate assembly with a gap of 0.5 mm was used in the time-oscillation mode. The rheological data were fitted to appropriate rheological models using the MATLAB software.
Viscosity measurements were repeated twice and the data were accurate ± 2.5%.
RESULTS AND DISCUSSION
Flow Behavior of the Crude Oil
The viscosity determination is the focal point in predicting the flow behavior and in providing an estimation of the energy requirements for the processes involved in the fluid treatments. These are the main considerations in any process improvement(s). Figure 2a shows the viscosity dependence of the test heavy oil on the shear rate applied; the resistance of the test heavy oil to flow was low at the shear rates above 25 s -1 . Temperature affects the fluid viscosity strongly and in the present study, the flowability character of the test heavy oil at 45°C and 60°C reached a plateau at a shear rate of about 10 s -1 . The aggregation tendency of complex molecules such as asphaltenes, resins and the other high-molecularweight components of the heavy oil, decreases with increasing temperature, and the result of less agglomerated species of the heavy oil constituents, at high temperatures, is the reduction of the viscosity. By finding the resistance to flow character of the fluid (shear stress "τ") as the function of the velocity gradient that exists between adjacent fluid molecules (shear rate " γ . ") one can describe the fluid behavior. According to the results presented in Table 2 , the flowability of the test heavy oil exhibited a pseudoplastic character (n < 1) and the experimental data was fitted well to the power law model describing non-Newtonian fluids (Fig. 2b, Tab. 2):
where n and k are the flow behavior index (dimensionless) and the consistency index (Pa s n ), respectively. The logarithm of Equation (1) is as follows:
With use of a log-log plot of τ against γ . , the values of k and n can be determined (shear stress versus shear rate is shown for the experiment at 25°C -Fig. 2b ). The results in Table 2 also show that with increasing temperature from 25°C to 60°C, the flow behavior index increased and the approach of the rheology of the test sample was more Newtonian. The characterization of the rheological behavior of the test sample fluid was also performed using two other models; namely, Bingham (Eq. 2) and Casson (Eq. 3), which have been previously applied for predicting heavy crude oil flowability [28] :
where τ 0 is yield stress. The experimental data were fitted using each of these two models and Table 2 shows the model parameters n, k and τ 0 . The models gave excellent fit to the data (R 2 > 0.97). The amount of asphaltenes clearly affects the viscosity of heavy oil and in the present study further experiments were directed towards reconstituted heavy oil samples, which were prepared by adding the different amounts of the precipitated asphaltenes to the maltene (deasphalted heavy oil). Figure 2c shows the measured viscosity of the reconstituted heavy oil sample versus its asphaltene weight fraction at three test temperatures. Viscosity is influenced by the aphaltene content and Figure 2c shows this effect was more pronounced at the low temperatures; for instance, increasing the asphaltene weight fraction from 10% to 20% resulted in a noticeable increase in the viscosity value as compared with between these values at 45°C and 60°C (Fig. 2c ).
Use of n-Alkane Solvents (n-Pentane and n-Heptane) for Asphaltene Precipitation
First, through the use of the most generally accepted approach, the crude oil sample was separated into groups, or solubility classes, of aliphatic hydrocarbons, aromatic hydrocarbons, resins and asphaltene compounds with the SARA technique. The results of this separation are given in Table 1b and a relatively simple description of the technique is presented in Figure 3 . The saturates consisted of naphthenes and paraffins, while the aromatics, resins and asphaltenes formed a continuum of polynuclear aromatic units of increasing molar mass, polarity and heteroatom content [18] . Figure 4 shows the asphaltene yield as a function of the n-alkane solvent-to-crude oil volume ratio. The yield increased as more solvent was added to the oil sample but this trend reached a plateau at precipitant to oil volume ratios above 20. The higher capacity of n-pentane for the precipitation of asphaltenes compared with the yield obtained with n-heptane is a common finding reported in the literature [26] . Apparently, the use of higher carbon-number alkane solvents results in lower asphaltene yields and increased levels of resinous materials [26, 32] . Similar behavior is observed for oils from different sources that have different API gravities using n-C 5 and n-C 7 for asphaltene precipitation [33] , and the results of the present work showed the same behavior: 21.5% versus 15.5% for n-C 5 and n-C 7 asphaltenes, respectively (Fig. 4) . This dependency of asphaltene yield on the type and amount of solvent used for precipitation shows that differences exist between asphaltene molecules, and it appears that some components of this crude oil fraction are soluble in one but not in the other solvent. Besides the importance of the solvent in obtaining consistent asphaltene fractions, attempts were made to standardize the separation method in terms of solvent-to-crude oil ratio, time of contact and temperature. Upon filtration of the solvent-oil mixture, the washing of the precipitated asphaltenes was also found to considerably affect the yield and properties of the asphaltene fraction [18] . Some maltene components, such as resins, were found trapped within the structure of the precipitated asphaltenes but increased washing of the filter cake with solvent aided in removing these types of impurities [18] . The washing was continued until the wash solvent was colorless, which could be used as an indication of obtaining asphaltenes that are less soluble in toluene. In other words, removing the resinous materials increased the probability of encountering the self-association behavior of the asphaltenes [18] .
Simulated Distillation Analysis
Simulated distillation is a method that is routinely used for petroleum fractionation. Its operation is based on the relationship that exists between the distillation temperatures used in the process and the amount of distillates obtained, which is proportional to the distribution of the carbon numbers of the distillates [22] . The specifications just described are presented in Table 4 . Figure 5 shows the simulated distillation curves, and it clearly shows that the weight percentages of n-C 5 and n-C 7 maltene fractions at temperatures below 204°C were very similar (6.25 and 6 wt%). These amounts were considerably lower compared with those obtained from the oil sample (12.5 wt%). Figure 4 also shows that the amount of distillates from the n-C 5 maltene fraction at temperatures above 649°C was lower compared with the other two (6.25 versus 10.5 wt% for the n-C 7 maltene and 10 wt% for the heavy crude oil), and the n-C 7 maltene fraction was heavier at these test temperatures. Upon precipitation of the asphaltenes, different analytical techniques were used to characterize its structure, as described below. Asphaltene yield as a function of test solvent used for the precipitation. The symbols (■ ■) and (Δ) are used for n-pentane and n-heptane solvents, respectively. 
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Clay level 310 ± 10 mm
Clay level
Gel level 310 ± 10 mm
NMR Analysis
Among the compositional characterization techniques used for petroleum fractions, 13 C and 1 H NMR spectroscopy have gained popularity [23] . By determining the number, type and relative positions of hydrogen and carbon atoms through 1 H and 13 C NMR spectra, several parameters are calculable, which provide information to predict the structure of the average molecule in a given fraction, such as asphaltene [23, 34] . The various types of protons that are present in the asphaltene fraction express different intensities. Through the use of integration measured over three distinct regions in the 1 H NMR spectrum, the average number of carbon atoms per alkyl substituent, or the n carbon parameter, was determined. This parameter is defined as n carbon = [H α + (H β + H γ )]/H α , where the α-hydrogen band refers to the α-hydrogen-to-aromatic ring (2-5 ppm region), the β + γ.-hydrogen band refers to the β + γ.−hydrogen-to-aromatic ring (-0.5-2 ppm region), and the aromatic hydrogen band refers to the aromatic hydrogens (5-10 ppm region) [26] . Figure 6 shows the 1 H NMR spectra of the n-C 5 and n-C 7 asphaltenes obtained in this work, while the 'n' parameter reported here was 7.7 and 5.7 for asphaltenes precipitated with n-C 5 and n-C 7 , respectively (Fig. 7) . These "n" values are in agreement with those reported elsewhere for the Maya in a heavy crude oil sample (20.9°API) [25] . During asphaltene extraction, it was discovered that the level of associated impurities (i.e., oils and resins) could affect the values of the 'n' parameter. This was explained in terms of the impurities that remained with the unfractionated asphaltenes, i.e., a lower 'n' value correlated to fractionated asphaltenes [25] . Furthermore, the aromaticity parameter, f a , which is the ratio between the number of aromatic carbons and the total number of carbons, aliphatic carbons (C al ) + aromatic carbons (C ar ), present in an average molecule of asphaltene (f a = C ar /(C ar + C al )), can be calculated from the 13 C NMR spectrum [24] . According to the two different integration domains present in that spectrum, the aromatic band (100-170 ppm region) and the aliphatic band (-10 to 70 ppm region), the aromaticity factor was calculated [26] . The above detailed information is presented in Figure 8 as an example of the 13 C NMR spectra we obtained. The f a values are shown in Figure 7 , where the aromaticity parameter was found to be lower for the n-C 5 asphaltenes than that of the n-C 7 asphaltenes (0.39 versus 0.49). The stability of crude oils, in terms of the structural characterization of asphaltenes, has previously been studied, and the researchers concluded that higher values of f a indicate a higher degree of aromatic condensation and higher levels of hydrogen deficiency in the asphaltene structure [35] . In a separate study, higher values of f a for n-C 7 asphaltenes corresponded to a higher extraction capacity of aromatics from a crude oil sample using n-heptane through the sample's asphaltene fraction, and similar findings are reported in the present work [26] . The f a values may not be a good structural parameter to differentiate the structures of asphaltenes, however, because a study by Trejo et al. [25] showed that higher numbers of aromatic carbons were found in the asphaltene fraction that had a lower f a value. Quantification of the maltenes that were distilled using the simulated distillation method when n-pentane (■ ■) and n-heptane (Δ) were used for the asphaltene precipitation. The (• •) symbol is used for the crude oil sample. Figure 6 1 H NMR spectra of a) C5-asphaltene; b) C7-asphaltene. c) Typical 1 H spectrum of asphaltene is also given [27] .
FTIR Analysis
Mixtures of decalin, tetralin and naphthalene chemicals have been used in the literature as representative of typical heavy oil constituents to study the correlation between FTIR spectra and molecular structural parameters; obtaining information in this regard is important in molecular changes which may occur in heavy oils under mild thermal processing [31] . No attempts were made in this regard in the present study and the FTIR spectra results of n-pentane and n-heptane precipitated asphaltenes given in Figure 9 both show similar absorption bands (i.e., the intensities of the absorbance bands do not vary considerably). Stretching and bending are two types of vibrational motions in a molecule upon absorption of IR frequencies of electromagnetic radiation. As seen in Figure 9 , a peak to the left of 3 000 cm -1 (i.e., 3 421 and 3 398 cm -1 for heptane-, and pentane-precipitated asphaltenes, respectively) was related to the = C -H stretching of the aromatic rings. The peaks at frequencies of 3 400-3 200 cm -1 represented the stretching of the carboxylic -OH and N -H groups, while peaks at frequencies of 1 640-1 550 cm -1 corresponded to N-H bending in amide groups [27, 34, 36] . Also, absorption peaks at 2 920 and 2 865 cm -1 corresponded to methyl and methylene groups (i.e., the stretching in aliphatic groups) [27, 37, 38] . Methylene and methyl groups have characteristic absorptions of approximately 1 450 and 1 375 cm -1 , respectively (Fig. 9) . The presence of some weakly resolved peaks to the right of 1 000 cm -1 and to the left of 500 cm -1 corresponded to carbon-hydrogen out-of-plane bending in aromatic rings (i.e., rings with alkyl substituents) [34] . Absorption peaks at 1 115 and 1 112 cm -1 (i.e., 1 300-1 000 cm -1 ) may correspond to the C -O stretch in the oxyester structure [34] .
Specifications of the different bands typically assigned to the FTIR spectrum of asphaltenes are presented in Table 4 . The results of FTIR spectra obtained in the present study were in agreement with the relevant findings reported in the literature; apparently distributions of these functional groups in the precipitated asphaltenes were not under the influence of the n-alkane solvents used here (Fig. 9) . Combinations of FTIR and NMR can be used to correlate and derive specific structural parameters [31] . Considering the heavy crude oil sample used in this study, more work is needed to make a correlation between FTIR and NMR results as has been frequently reported in the literature [24] .
Developed SEM Images
SEM micrographs taken with a Philips XL-30 Scanning
Electron Microscope were used to analyze the asphaltene surface morphology (Fig. 10) . Figure 10 shows a smooth surface that possesses small pores distributed irregularly over this continuous phase. The formation of these pores or cavities may be due to the previous presence of resinous materials that supported the dispersion of asphaltenes in crude oil, and the cavities are a result of their removal [4, 24, 39] . In this figure, agglomerated asphaltenes are also seen. This agglomeration has been described in terms of the ability of resins to solubilize asphaltenes in crude oil (i.e., the interactions between the components present either in asphaltenes or resins that have polar functional groups). For instance, a phenolic hydroxyl group, a hydrogen ion donor, in resins can be hydrogen-bonded to an oxygen or nitrogen atom in asphaltenes [24] . The state of agglomeration was more uniform and more homogeneous in n-C 5 asphaltenes compared with the n-C 7 asphaltenes (Fig. 10) . These microscopic structures of asphaltenes show that the precipitation process (i.e., the degree of purity of asphaltenes with regard to resins) and the solvent used affected the morphologies obtained. It has been found elsewhere that the co-precipitation of resins with asphaltenes using n-propane as a precipitant provided smooth and amorphous surfaces, while the use of n-pentane as an extracting solvent gave porous surfaces with pores of different sizes that were observed with SEM analysis [26] .
CONCLUSION
In this study, the structural characterization of asphaltenes from Iranian heavy crude oil (Persian Gulf offshore) with relatively low API gravity (19°API) was determined using different analytical techniques. The yield of asphaltenes that was precipitated with n-pentane was higher compared with that obtained with n-heptane (21.5 versus 15.5 wt%). According to the simulated distillation data, the asphaltene removal Structural parameters of the precipitated asphaltenes that were calculable from the 13 C and 1 H NMR spectra.
C ar. ppm Figure 8 a) 13 C NMR spectra of C 5 -asphaltene; b) C 7 -asphaltene. c) Typical 13 C NMR spectrum of asphaltenes is also given [27] .
affected n-C 5 and n-C 7 maltene fractions at temperatures below 204°C and amounts of these fractions were similar to each other and were found to be lower than that of the original crude oil sample. The reconstituted heavy oil samples were prepared in this study through addition of different amounts of asphaltenes to the deasphalted heavy oil (maltenes) and the effects of asphaltenes on the viscosity were more pronounced at 25°C compared with those at the higher temperatures (45°C and 60°C). According to the power law model used in this study, the flowability of the test heavy oil exhibited a pseudoplastic character. Two structural parameters, namely the aromaticity and average number of carbon atoms per alkyl substituent, were determined from 1 H and 13 C NMR spectra. Infrared spectra confirmed the presence of different functional groups in the precipitated asphaltenes, and the results showed relevancy to other heavy crude oils as reported in the literature.
Resins are effective dispersants, and disturbance of the heavy oil colloidal nature is the result of the resin removal from its origin; asphaltene flocculation and precipitation eventually occur. The interpretation given of the morphological characteristics of the precipitated asphaltenes was on the basis of SEM images, indicating the necessity of resins for keeping the asphaltene colloidal nature of the heavy oil intact. Infrared spectra of the extracted asphaltenes using a) n-pentane; b) n-heptane.
In fact, studying the fundamental mechanisms driving asphaltene colloidal behavior is the key element in keeping the dispersive nature of the heavy oil, and Gawrys and Kilpatrick [14] with the use of several widely recognized methods such as Near-Infrared Spectroscopy (NIP), VPO, PFG-SE NMR and SANS studied asphaltene aggregation behavior. With regard to the colloidal nature of the heavy oil, interest in the petroleum industry has long been developed to study and explore applications of the emulsification technology in treating heavy oil in different sectors of this industry. Structural recognition of the oil constituents, of course, is the prerequisite of these studies.
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